Background
==========

Highly polymorphic genes of the Major Histocompatibility Complex (MHC) have become very popular molecular markers among evolutionary biologists because of their traditional consideration as \'good genes\' involved in pathogen resistance and sexual selection (reviewed by \[[@B1],[@B2]\]). Despite a plethora of new methods and technical advances (reviewed by \[[@B3]\]), MHC genotyping still remains challenging and time-consuming. Recently, Bayesian computational inference of gametic phase coupled to Sanger sequencing of PCR amplicons has emerged as a promising alternative \[[@B4]-[@B7]\]. These in-silico methods permit researchers to infer how multiple segregating sites are distributed within the same chromosome and are believed to provide haplotype information in a more straightforward and cost-effective way than laboratory-based methods such as cloning, non-denaturing gel electrophoresis and others (reviewed in \[[@B3]\]). Even though extremely variable MHC loci subjected to the effects of natural selection violate several assumptions of the underlying neutral coalescent theory \[[@B5]\], computer packages such as PHASE have shown to perform admirably in many cases \[[@B7]-[@B10]\]. The current version of PHASE, that provides a biologically realistic prior for the distribution of haplotypic frequencies \[[@B6]\], has become one of the most preferred options among evolutionary biologist because of its good performance and the possibility to deal with gaps and polymorphic sites with up to four segregating sites. The accuracy of gametic phase inference has shown to be, however, very sensitive to high heterozygosity, large numbers of alleles and population admixture \[e.g. \[[@B8]\]\]. The two first factors are particularly common among MHC genes, a fact that can explain low success rates for particular data sets \[[@B8]\]. In spite of the cost and sample manipulation advantages put forward by these approaches \[reviewed in \[[@B3]\]\], only a few studies (e.g. \[[@B8],[@B10]\]) have addressed in detail the relative role of different parameters on PHASE performance when working with highly polymorphic and recombining MHC loci usually exhibiting the genetic hallmarks of balancing and positive selection (i.e. excess of heterozygous sites and non-synonymous substitutions). In this study, we have taken advantage of a large database of MHC class I and class II genotypes built from traditional molecular cloning in the lesser kestrel *Falco naumanni*. Our mains goals were i) test the performance of analytical approaches to haplotype inference in the kestrel MHC, and ii) evaluate the influence of sample size, genetic polymorphism and genetic structure on the accuracy of computational approaches dealing with phase-unknown diploid genotypes.

Methods
=======

The MHC of the lesser kestrel is well suited for this study because of the specific amplification via the polymerase chain reaction (PCR) of single, highly polymorphic and positively selected MHC class I (exon 3) and MHC class II B (exon 2) loci \[[@B11],[@B12]\]. Both loci are 270 base pairs in length and encode for part of the antigen-binding region of MHC class I and MHC class II molecules, respectively. Heterozygosity has been shown to be extremely large in natural populations at both loci (\> 90%, \[[@B13],[@B14]\]). A large proportion of the MHC alleles used in this study were isolated during previous studies and many others are derived from ongoing research \[\[[@B11]-[@B14]\], authors unpublished data, see additional file [1](#S1){ref-type="supplementary-material"}\]. The handling and sampling of the birds was done in accordance with Spanish laws concerning animal welfare, and under permission of the different National Governments.

We created two data sets, one for each particular MHC locus. Overall, we gathered the known genotypes of 56 heterozygous birds at the MHC class I locus and 103 heterozygous individuals at the MHC class II B locus. Even though homozygous individuals at both loci have been reported we decided to exclude them from our data sets as a means to create the most challenging scenario during the evaluation of the performance of the PHASE algorithm. The two data sets encompassed 50 MHC class I and 62 MHC class II alleles, respectively (see Table [1](#T1){ref-type="table"} and additional files [1](#S1){ref-type="supplementary-material"} and [2](#S2){ref-type="supplementary-material"}). For the MHC class I data set, only four and two alleles, respectively, showed frequencies beyond 5% and 10%. For the MHC class II data set, only seven and three alleles, respectively, showed frequencies higher than 5% and 10%. The two data sets also represented different degrees of genetic structuring. In the case of the MHC class I, individual genotypes were obtained from birds captured in Spain, France, Italy, Greece and Israel and restrictions in gene flow are thus expected (see \[[@B13]\]). Individuals of the MHC class II data set were exclusively sampled from Spain, which can be essentially considered as a panmictic population according to both neutral and adaptive genetic data \[[@B13],[@B15]\]. We created different sample subsets containing 8, 15, 30 or 45 individuals from the MHC class I data set. In the case of the MHC class II, sample subsets were composed of 8, 15, 30, 45, 60 or 75 individuals. Five groups of individuals were randomly sub-sampled for each sample size.

###### 

Polymorphisms statistics at the kestrel MHC class I and class II data sets used in this study.

  Locus          Na   S    Eta   π       *k*
  -------------- ---- ---- ----- ------- -------
  MHC class I    50   37   41    0.030   8.45
  MHC class II   62   60   75    0.078   21.04

This table compiles the number of alleles (Na), the number of variable sites (S), the total number of mutations (Eta), mean nucleotide diversity per site (π) and the average number of nucleotide differences between alleles (*k*).

The knowledge of the real genotypes beforehand permitted us to generate those ambiguous DNA sequences resulting from the overlapping of the two alleles isolated per individual at each MHC locus (see additional file [2](#S2){ref-type="supplementary-material"}). These consensus DNA sequences were generated using the software BioEdit \[[@B16]\]. With this information, we performed a reverse approach through which analytical approaches relying on ambiguous diploid data would be validated with respect to the genotypes inferred using traditional laboratory-based techniques. Bayesian computational inference of MHC gametic phase was performed using the popular, user-friendly PHASE module implemented in the software DNAsp ver 5.0 \[[@B17]\]. Calculations were carried out over 1,000 iterations, 10 thinning interval and 1,000 burn-in iterations and considering a model that accounted for recombination. All the advanced options available for the algorithm were settled as default. PHASE accuracy was measured as the percentage of correctly assigned alleles. We concluded that the two alleles at each locus were correctly inferred when all nucleotide positions matched perfectly to those previously revealed by laboratory-based methods. To verify the identity of each allele, we took advantage of the output window provided by default by the software DNAsp 5.0 and we exported the alignment as a FASTA file subsequently handled in BioEdit.

Results
=======

Our results show a remarkable influence of sample size on the accuracy of haplotypic inference using PHASE (Figure [1](#F1){ref-type="fig"}). For both MHC loci, average accuracy improved along with sample size. The number of alleles not correctly inferred was proportional to the number of genotypes. This is due to fact that when PHASE failed to infer one of the two alleles from a given genotype it incorrectly inferred the sequence of the other allele as well (i.e. one or a few segregating sites where switched between the two alleles). Overall, PHASE errors were related to the incorrect calling of one or a few segregating sites, and at least, PHASE seemed to do rather well when inferring the allelic lineage. The increase of PHASE accuracy along with sample size can be attributed to the reduction in the ratio between the number of alleles occurring in the sample set and the number of individuals comprising that particular sample set. To get deeper insights about the influence of the allele to individual ratio, we created simulated data that introduced variations in this parameter. In these simulations, we altered the allele-to-individual ratio for a sample size of 25 individuals and 40 individuals for the MHC class I and class II locus, respectively. The simulated genotypes were heterozygous in all cases and we tried to distribute allele frequencies as equally as possible. Only in the case of the simulation of seven class I alleles (see Figure [2](#F2){ref-type="fig"}) we repeated 4 out the 25 heterozygous genotypes used in the same sample set. In the remaining cases, the number of possible combinations of alleles in heterozygous form was larger than sample size (i.e. N = 25 and N = 40 for the MHC class I and class II data set, respectively). We added 15 MHC class II B alleles isolated during previous studies \[[@B13],[@B14]\] in order to gather the 80 alleles needed for the 2:1 allele individual ratio. The manipulation of the allele-to-individual ratio had a dramatic influence on PHASE performance (Figure [2](#F2){ref-type="fig"}). For instance, the accuracy of computational inferences of MHC haplotypes was very poor when the number of alleles was twice than that of individuals. Nonetheless, the performance of PHASE consistently increased along with the reduction of the allele to individual ratio. From the comparison between the two MHC data sets, and regardless of the degree of genetic structuring within the geographic area individuals were sampled from, we suggest a ratio allele to individual starting at (1:2).

![**Influence of the number of individuals analysed on the performance (percentage of alleles correctly assigned; bars go with primary Y-axis) of Bayesian reconstructions of MHC haplotypes using the PHASE algorithm and the allele-to-individual ratio (open circles go with secondary Y-axis)**. Standard deviations for each parameter are indicated.](1756-0500-4-151-1){#F1}

![**Influence of the allele-to-individual ratio on the performance of Bayesian reconstructions of MHC haplotypes using the PHASE algorithm**. We altered the number of alleles for a sample size of 25 individuals for the MHC class I and 40 individuals for the MHC class II data sets. Standard deviations for each parameter are indicated.](1756-0500-4-151-2){#F2}

The main objective of this study was to provide useful information regarding the number of individuals to be sampled, given a particular degree of genetic polymorphism, to computationally infer the gametic phase of MHC genes with reliability. Starting from a \"worst-case\" scenario similar to that used in our simulations (i.e. no occurrence of homozygous individuals and with homogenous distributions of allele frequencies), we recommend a first exploratory view of 25-30 individuals. Although PHASE can miscall nucleotides during the reconstruction of haplotypes, our experience suggests that the overall number of alleles inferred is not very different from the actual number. Depending on the number of alleles inferred by PHASE, researchers might add more individuals until the allele to individual ratio reaches at least the 1:2 threshold. Sampling strategies must therefore be designed according to the extent of MHC polymorphisms found within a particular study population. Hopefully, researchers might find homozygous genotypes or genotypes comprised by alleles just differing in one or a few nucleotides during sampling. This might be indeed very useful regarding the verification of the set of inferred alleles. It is also advisable to ground-truth the data set by performing molecular cloning in a selected number of individuals. Molecular cloning, however, is extremely prone to report false polymorphisms and therefore, it is important to contrast cloned alleles with direct sequencing chromatograms. Special caveats should be considered in the case of synonymous diploid genotypes (i.e. different combinations of alleles can generate the same direct sequencing chromatogram). However, careful examination of our allele repertoire suggests that these cases are rare in kestrels (\< 1% of possible genotypes). The additional aid of technologies such as conformational polymorphism analyses (e.g. \[[@B18]\]) may nonetheless become very useful to resolve these particular cases. Researchers must pay special attention to generate high-quality direct sequencing chromatograms to minimize the risk of miscall double peaks. In this respect, the performance and location of sequencing primers as well as bi-directional sequencing must be carefully addressed. Finally, it is important to bear in mind that these approaches can only be achieved when locus-specific primers are available \[\[[@B19],[@B20]\], this study\]. That said, our better genomic knowledge of the MHC in both model and non-model species (e.g. \[[@B21],[@B22]\]) forecasts an encouraging future in this respect.
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###### Additional file 1

**MHC class I and MHC class II B genotypes**. Genotypes resolved by traditional laboratory-based methods during previous studies \[[@B11]-[@B14]\] and ongoing research by the authors. GenBank accession numbers for the MHC alleles of the lesser kestrel *Falco naumanni*are shown.
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###### Additional file 2

**Original data set of unphased MHC class I and II genotypes**. Simulations contain 8, 15, 30 or 45 individuals from the MHC class I, and 8, 15, 30, 45, 60 or 75 individuals from the MHC class II. Five replicates for each sample size were created, sub-sampling individuals randomly.
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